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Transport of tRNAs across the inner mitochondrial membrane
of the kinetoplastid protozoon Leishmania requires interactions
with specific binding proteins (receptors) in a multi-subunit com-
plex. The allosteric model of import regulation proposes coopera-
tive and antagonistic interactions between two or more receptors
with binding specificities for distinct tRNA families (types I and II,
respectively). To identify the type II receptor, the gene encoding
RIC8A, a subunit of the complex, was cloned. The C-terminal
region of RIC8A is homologous to subunit 6b of ubiquinol cyto-
chrome c reductase (respiratory complex III), while the N-ter-
minal region has intrinsic affinity for type II, but not for type I,
tRNAs. RIC8A is shared by the import complex and complex III,
indicating its bi-functionality, but is assembleddifferently in the
two complexes. Knockdown of RIC8A in Leishmania lowered
the mitochondrial content of type II tRNAs but raised that of
type I tRNAs, with downstream effects on mitochondrial trans-
lation and respiration, and cell death. In RIC8A knockdown
cells, a subcomplex was formed that interacted with type I
tRNA, but the negative regulation by type II tRNA was lost.
Mitochondrial extracts from these cells were defective for type
II, but not type I, import; import and regulationwere restoredby
purified RIC8A. These results provide evidence for the rele-
vance of allosteric regulation in vivo and indicate that acquisi-
tion of new tRNA-binding domains by ancient respiratory com-
ponents have played a key role in the evolution ofmitochondrial
tRNA import.
Mitochondria from a large number of species, including pro-
tists, higher plants, some invertebrates, and eutherian mam-
mals do not contain sufficient numbers of functional tRNA
genes and therefore import cytoplasmic tRNAs to support the
translation of organellar mRNAs (reviewed in Refs. 1 and 2).
Mitochondrial tRNA import is especially important in kineto-
plastid protozoa such as Leishmania and Trypanosoma that
lack all mitochondrial tRNA genes (3, 4).
The precise manner in which polyanionic tRNA molecules
cross the double mitochondrial membrane, is largely unre-
solved. In yeast, the mitochondrial protein import pore, as well
as cytosolic carrier proteins, appears to be involved (5, 6). On
the other hand, biochemical studies in kinetoplastid protozoa
have revealed that these organisms have specialized mecha-
nisms for import of tRNA that are distinct from those for pro-
tein import (7) but involve direct interaction of tRNAs with
membrane-bound proteins (8). Leishmania and Trypanosoma
mitochondria recognize sequence/structure motifs (import
signals) in distinct domains of individual tRNAs (9, 10), and the
former rapidly select oligoribonucleotide-containing motifs
matching those in importable tRNAs from a random sequence
pool of high complexity (11).
However, there are differences in the intrinsic efficiencies
of transfer of individual RNAs through the inner, as opposed
to the outer membrane, in vitro; some, designated as type I
RNAs, are imported efficiently into the matrix, whereas oth-
ers (type II) are not. The potential problem of an imbalanced
matrix tRNA pool is solved by the unique phenomenon of
allosteric regulation; type I RNAs stimulate the inner mem-
brane transfer of type II RNAs, whereas type II RNAs inhibit
transfer of type I (11, 12). On the basis of these interactions,
tRNATyr, tRNAArg, and tRNATrp have been identified as type I,
and tRNAIle, tRNAVal, and tRNAMet-e have been identified as
type II, respectively (11–13); in vitro evolution experiments
suggest that many more tRNA species belong to these catego-
ries (11). The “ping-pong” model (14) postulates that the two
types of tRNA bind to different receptors; binding of type I
tRNA to its receptor induces a conformational change that is
transmitted to the type II receptor, opening up its tRNA-
binding site. Type II tRNA loading in turn induces an allo-
steric transition resulting in the destabilization of the type I
complex.
Recently, amulti-protein complex (the RNA import complex
(RIC))2 that induces translocation of tRNAs through artificial
or biological membranes was isolated from Leishmania inner
membrane (14–16). In a reconstituted liposome system, RIC
retains the characteristic type I-type II interactions (14). Two
tRNA-binding proteins with the properties of type I and type II
receptors are associated with this complex (14). We have
recently identified the type I receptor and showed that, in vivo,
it is required for import of type I as well as type II tRNAs (13).
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We now report the identification of a subunit of this complex
that binds type II tRNAs and is essential for the import of these
tRNAs in vivo.
MATERIALS ANDMETHODS
Sequence Analysis and Homology Modeling—Affinity-pu-
rified RNA Import Complex from Leishmania tropica inner
mitochondrial membranes (14) was resolved into its sub-
units by SDS-PAGE. The Coomassie Blue-stained 21-kDa
band of RIC8 was trypsinized, and the peptides were sub-
jected to liquid chromatography/mass spectrometry and
tandem mass spectrometry analysis at the W. M. Keck Bio-
medical Mass Spectrometry Laboratory (University of Vir-
ginia). Sequenced peptides were matched against the NCBI
and Leishmania major data bases (www.genedb.org/genedb/
leish/index.jsp) to identify the corresponding genes using the
BLAST or Sequest program. Selected sequences were aligned
using ClustalW (www.ebi.ac.uk/clustalw/index.html). Second-
ary structure predictions were made by the PredictProtein
server (www.cubic.bioc.columbia.edu/predictprotein/). Auto-
mated homology modeling of the Leishmania protein was
performed by the SWISS-MODEL server (www.expasy.ch/
swissmod/SWISS-MODEL.html), using the crystallographic
structure of subunit 6 (Protein Data Bank code 1ntm) of bovine
ubiquinol cytochrome c oxidase (Complex III) as template. The
results were viewed in the Deep View/Swiss Pdb Viewer v. 3.7,
and ray-traced images were generated using the POV-Ray 3.6
package.
Cloning of RIC8A Gene—Sense and antisense primers (supple-
mental Table S1) corresponding to the open reading frame of
RIC8A were used to amplify the intact or truncated gene from L.
tropica strainUR6 genomicDNA.The sense primerwas designed
to have a BamHI restriction site at the 5 end in frame with the
coding sequence of the insert; the antisense primer had an in-
frame stop codon followed by a SalI site. The amplified fragment
wascloned intoTAvectorpTZ57R (MBIFermentas).Othergenes
were cloned and expressed similarly (13).
Preparation of Recombinant Proteins and Antibodies—The
RIC8A open reading frame was transferred as a BamHI-EcoRI
fragment from pTZ57R to the pGEX4T-1 vector (Amersham
Biosciences) downstreamof, and in-framewith, the glutathione
S-transferase gene. Recombinant plasmids were expressed in
Escherichia coli BL21, and fusion protein was extracted from
inclusion bodies and digested with thrombin, and the recombi-
nant protein was recovered by gel electrophoresis, as described
(13). To refold the protein, the soluble SDS extract was diluted
5-fold into TETN250 buffer (14) containing 0.1% Triton X-100
and incubated for 2 h at 4 °C before assay. Electrophoretically
pure recombinant proteinwas used to raise polyclonal antibody
in BALB/c mice.
Blue Native (BN) PAGE—Inner membrane mitochondrial
complexes of L. tropica or the human HepG2 cell line were
resolved as previously described (13). Briefly, mitochondria
were extracted with BAM buffer (50 mM BisTris-HCl, pH 7.0,
0.75 M -aminocaproic acid, 2% dodecyl maltoside) for 45 min
at 4 °C, and the extract was concentrated to 10 l/200 g of
mitochondria by centrifugal ultrafiltration in a Microcon 30
unit (Amicon). Coomassie Blue G-250 (0.5%) was added to the
extract before electrophoresis on 6% Blue Native gels (21). For
two-dimensional analysis, protein bands of the first dimension
were denatured with 0.125 M Tris-HCl, pH 6.8, 1% SDS, 1%
-mercaptoethanol for 40 min at 37 °C and then subjected to
SDS-PAGE.
Preparation of Radiolabeled tRNA—32P-Labeled tRNAs of
high and low specific activity were prepared by T7 polymerase-
mediated run-off transcription as described (11, 13).
Import Assays—Purified RIC (100 ng) was incorporated into
phosphatidylcholine vesicles (50 g lipid) and incubated with
32P-labeled tRNA (5 nM) and 4 mM ATP, and uptake was ana-
lyzed by RNase protection, as previously described (14). For
immuno-inhibition experiments, proteoliposomes were prein-
cubated with antiserum (1:50) for 30 min on ice. Where indi-
cated, low specific activity effector tRNAs were present at one-
tenth the concentration of the high specific activity substrate
tRNA.
Western and Northwestern Blots—Native complexes resolved
by BN PAGE were denatured in situ before blot transfer, as
described (13). The blots were probed with 1:100 dilution of
antiserum and developed by the alkaline phosphatase colori-
metric method. For Northwestern blots, the membrane was
probed with 32P-labeled tRNA (17).
Binding Assays—Indicated amounts of purified, recombi-
nant refolded RIC8A were incubated with 32P-labeled tRNAIle
(10–100 fmol) in 10-l reactions containing binding buffer (10
mM Tris-HCl, pH 7.5, 10 mMMgCl2, 2 mM dithiothreitol, 0.1 M
KCl) for 30 min on ice and then electrophoresed on native gra-
dient polyacrylamide gels (14) to resolve the ribonucleoprotein
from free tRNA. Dried gel bands were quantified by liquid scin-
tillation counting. Liposome binding assays were carried out
under similar conditions with 250 ng of purified RIC incorpo-
rated into 80g of lipid and 1–250 fmol of tRNAIle, the vesicles
were washed, and bound RNAwas recovered for electrophore-
sis. Scatchard analysis was carried out by titrating a fixed
amount of RIC8A (50 fmol) or liposome-bound RIC with
tRNAIle. The plot of bound/free tRNA against the bound tRNA
concentration yields a best fit curve with a slope of 1/Kd,
whereKd is the dissociation constant for the complex. The total
receptor concentration, [R]0, is the intercept on the x axis.
Photochemical Cross-linking—T7 RNA polymerase tran-
scripts were doubly labeled with [-32P]UTP and 5-bromo-
UTP and cross-linked to protein as previously described (14).
Briefly, RNA was incubated with affinity-purified RIC or mito-
chondrial complexes and then UV-irradiated. Cross-linked
RNAprotein complexes were immunoprecipitated after disso-
ciation of the subunits with SDS and resolved by urea-PAGE
(14).
Northern Blotting—Total promastigote RNA was electro-
phoresed on a 5% acrylamide, 8 M urea gel, electroblotted on to
aHybondNmembrane, and probedwith radiolabeled RIC8A
coding region.
Conditional Knockdown—Details of the construction of L.
tropica 13–90, a host containing constitutively expressed T7
RNA polymerase and Tet repressor genes, and of the targeting
vector pGET, have been described (13). Knockdown vector
pGET(AS)RIC8Awas constructed by inserting the RIC8A gene
between the HindIII and BamHI sites of pGET (i.e. in the
Mitochondrial tRNA Import Receptor
SEPTEMBER 1, 2006•VOLUME 281•NUMBER 35 JOURNAL OF BIOLOGICAL CHEMISTRY 25271
 by guest, on Novem
ber 8, 2010
w
w
w
.jbc.org
D
ow
nloaded from
 
reverse orientation with respect to the inducible T7 promoter).
L. tropica 13–90 was transfected with pGET(AS)RIC8A and
transformants selected on semi-solid agar containing G418,
hygromycin, and 2.5 g/ml phleomycin. The clones were
grown in medium 199 containing the same antibiotics. The
cultures were induced with 1 g/ml tetracycline, and cell
growth was monitored. Intracellular parameters were meas-
ured at 48 h, the time point at which cessation of growth was
first observed.
RT-PCR—Uninduced or induced cells were harvested, lysed,
and separated into soluble (cytosolic) and particulate (mito-
chondrial) fractions (9). The crude mitochondria were treated
with DNase and RNase before RNA isolation. RNA from 102–
105 cells was denatured at 95 °C and reverse transcribed with
Superscript II (Invitrogen) and the appropriate primer, as fol-
lows: (1) for antisense RNA, the sense primer from the 5 end of
the coding region of RIC8A; (2) for mRNA or tRNA, the anti-
sense primer complementary to the 3 end of the gene (supple-
mental Table S1). The second primer was then added, and the
cDNA was amplified with Taq DNA polymerase. To obtain
proportional PCR signals, RT-PCR was performed with differ-
ent amounts of input RNA.
Import Reconstitution—Liposomes were reconstituted with
mitochondrial extracts fromknockdown cells and recombinant
import factor as described (13). Briefly, refolded RIC8A (8 ng in
2 l) and concentrated mitochondrial extract (5  106 cell
equivalent in 8 l) were incubated with liposomes (50 g of
lipid in 10 l) for 1 h at 4 °C and then assayed for import as
above.
RNA End Labeling—Total mitochondrial tRNA was dephos-
phorylated with shrimp alkaline phosphatase, ethanol-precipi-
tated, and 5-labeled with [-32P] ATP in the presence of T4
polynucleotide kinase.
Mitochondrial Assays—Mitochondrial translation assays by
[35S]methionine labeling of promastogotes in presence of
cycloheximide, oxygen uptake measurements, and cytochrome
oxidase cytochemical assays were performed as described (13).
RESULTS
Homology of an RIC Subunit with a Complex III Component—
On resolution of RIC by SDS-PAGE, a protein of 21 kDa (pre-
viously designated as RIC21p; now renamed RIC8) was
observed that was present in the stoichiometry of 2–3/complex
(Ref. 14; see Fig. 3B). This protein was subjected to mass spec-
trometric sequencing, and the tryptic peptides were searched
for in the L. major data base (18) to retrieve complete open
reading frames (ORFs). This resulted in the recovery of 10
ORFs, of which six were discarded as possible contaminants
because of low protein coverage (less than 10%) or abnormally
small size (less than 10 kDa). Of the remaining four (ORF-A,
ORF-B, ORF-C, and ORF-D), ORF-C has sequence similarity
with the iron-sulfur protein of mitochondrial succinate dehy-
drogenase (Complex II), ORF-B is a mitochondrial protein
associated with a ribonucleoprotein (19), and ORF-D does not
have sequence similarity with any known protein.3 These four
ORFs were expressed separately in E. coli, and antibody was
raised against each recombinant protein.Of these four antibod-
ies, only anti-RIC8A (ORF-A) inhibited import in vitro.3 We
therefore focused on the role of RIC8A, one of the major con-
stituents of the 21-kDa band.
BLAST analysis of RIC8A (systematic gene name
LmjF35.0100 in the L. major data base) shows sequence simi-
larities (28–30% identity) to the subunit 6b (or in the case of
yeast, subunit 7) of respiratory Complex III (ubiquinol cyto-
chrome c reductase or UCR) from awide variety of species (Fig.
1A and supplemental Fig. S1). The L. tropica coding region is
identical to that from L. major.3 In Leishmania and the related
kinetoplastid protozoa Trypanosoma cruzi and Trypanosoma
brucei, the corresponding predicted proteins are nearly identi-
cal in length (201–202 amino acid residues) and sequence (89
and 84% identity between Leishmania and the other two spe-
cies). In other species such as man, UCR6b is smaller (14 kDa;
see Fig. 1D). The sequence similarity between RIC8A and
UCR6b is confined to the C-terminal 100 or so residues of the
former. This similarity was confirmed by homology modeling3 S. Chatterjee and S. Adhya, unpublished data.
FIGURE 1. A, domains of Leishmania RIC8A (LmjF35.0100) compared with
UCR6b from other organisms. The conserved region is shaded black, and the
periodic repeat of six basic residues () at every third position is indicated.
Sequence alignments are shown in supplemental Fig. S1. B, homologymodel
of Leishmania RIC8A (left panel) based on the crystallographic structure of
bovine UCR 6b (right panel). Only the peptide backbone of the homologous
region is shown. C, Northern blot of L. tropica promastigote RNA using RIC8A
probe.M, radiolabeled markers. D, intracellular distribution of RIC8A/UCR6b.
Shown are immunoblots of total (Tot.), cytosolic (Cyto), or mitochondrial
(Mito) protein (100 g) from L. tropica or human (HepG2) cells, probed with
RIC8A antiserum.
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of the secondary structure (Fig. 1B), which shows a four-helical
bundle in the C-terminal region of RIC8A that is superimpos-
able on the crystallographic structure of UCR6 (20). TheN-ter-
minal extension does not show significant similarity to any
known protein but is predicted to contain 1) several -helices,
one of which includes a periodic repeat of basic amino acids
(between residues 42 and 61); and 2) a short cleavedmitochon-
drial targeting sequence, with thematureN terminus atMet-10
(as indicated by peptide sequencing).
In Leishmania, there is a single gene for this protein
(LmjF35.0100; henceforth designated as RIC8A/UCR6b) on
chromosome 35 (17). A single 0.77-kb mRNA is expressed in
promastigotes (Fig. 1C), Moreover, a single 21-kDa protein is
present predominantly in the mitochondrial fraction (Fig. 1D).
Type II tRNA Binding by RIC8A/UCR6b—To assess the tRNA
binding activity of RIC8A,Western blots of bacterially expressed,
gel-purified RIC8A, after suitable renaturation treatments in situ,
were probed with radiolabeled tRNAs. Under these conditions,
RIC8A interacted with tRNAIle, tRNAVal, and tRNAMet-e (all type
II tRNAs), but with none of the type I tRNAs (Fig. 2A). The
tRNAprotein complex was detected by gel shift assays using
purified RIC8A, which confirmed the specificity for type II
tRNA (Fig. 2B). Scatchard analysis (Fig. 2C) yielded a dissocia-
tion constant (Kd) of 0.42 nM at 4 °C for the tRNAIleRIC8A
complex (Table 1). Thus, RIC8A has an intrinsic affinity for
type II tRNAs.
To determine the location of the tRNA-binding site, the N-
and C-terminal domains (residues 1–82 and 83–202, respec-
tively) were separately expressed inE. coli, and the purified pro-
teins were analyzed by Northwestern blotting using tRNAIle as
probe. This experiment showed that only the N-terminal
domain contains tRNA binding activity (Fig. 2D).
Presence of RIC8A/UCR6b in Two Mitochondrial Com-
plexes—In view of the facts that RIC8A/UCR6b is the product
of a single gene, has structural similarity with UCR6b, binds
tRNA, and is associated with the import complex, it is possible
that RIC8A/UCR6b is a bi-functional protein with roles in both
tRNA import and electron transport. To address this question,
we resolved the mitochondrial inner membrane respiratory
complexes of Leishmania by Blue Native gel electrophoresis
(21) (Fig. 3A, left panel). As observed by us and others in the
kinetoplastid protozoa Leishmania, Crithidia, and Phytomo-
nas, (13, 22–26), four complexes were discernible, correspond-
ing toComplexes III, IV, andV and the largest complex, specific
to kinetoplastid protozoa, that has been identified as the import
complex (13). Immunoblotting of the resolved complexes
revealed the presence of RIC8A/UCR6b inRIC andComplex III
(Fig. 3A, right panel). The subunits of complex III and RICwere
separated by denaturing electrophoresis in the second dimen-
sion.Most of the subunits in the two complexes are distinct, but
Western blot analysis showed that the same 21-kDa RIC8A/
UCR6b is shared by both (Fig. 3B), as expected of a bi-func-
tional protein.
BecauseRIC8A/UCR6b is shared byRIC andComplex III, we
inquired whether both complexes can bind tRNA. When the
mixture of native respiratory complexes obtained by detergent
extraction of mitochondria was exposed to tRNAIle (type II)
doubly labeled with 32P and 5-bromouridine (BU), a photoacti-
vable nucleoside analogue, and then UV-irradiated, only RIC
among the mitochondrial complexes was tagged; cross-linking
required the presence of type I tRNA (Fig. 3C). In contrast, none
of the human respiratory complexes interacted with tRNA
under any condition (Fig. 3C). After dissociation of the complex
formed with RIC, the single RNA-protein adduct could be
resolved by denaturing PAGE and was immunoprecipitated
with anti-RIC8A/UCR6b antibody; the antibody, if present dur-
ing the tRNA binding reaction, prevented formation of the
adduct (Fig. 3D). Identical results were obtained with BU-la-
beled tRNAVal and tRNAMet, two other type II tRNAs; nonim-
mune serum, or antibody against other RIC subunits, failed to
immunoprecipitate this adduct.3 Thus, RIC8A/UCR6b is the
major, if not the sole, component of the import complex that
directly interacts with type II tRNAs.
The allosteric activation of binding of the type II tRNAIle by
type I tRNATyr was quantified by binding assays on the lipo-
some-bound import complex. This showed that the type I
tRNATyr increases the affinity, i.e. lowers the Kd, of tRNAIle for
the complex by a factor of 5 (Table 1). Additionally, there is a
FIGURE 2.Binding of type II tRNAs by RIC8A/UCR6b. A, Northwestern blots
of bacterially expressed andpurified RIC8A/UCR6b (Coomassie stained at left)
probedwith 32P-labeled tRNAsas indicated. Theapparentmolecularmass (22
kDa) of the expressed full-length protein, containing the mitochondrial tar-
geting signal (Fig. S1), is higher than thatof themature21-kDaRIC8A (Fig. 1D).
B, gel shift assay showing titration of tRNAIle or tRNATyr (10 fmol each) with 5,
10, 25, 50, 75, and 100 fmol of purified RIC8A. C, Scatchard plot of bound/free
tRNAIle (b/f) versusbound tRNAIle concentration (b).D, tRNAbindingactivityof
RIC8A domains. Left panel, Coomassie (Coom.) stain of bacterially expressed
and purified full-length (FL) RIC8A, N-terminal residues 1–82 (N) and C-termi-
nal residues 83–202 (C). Right panel, Northwestern (NW) blot of the same
proteins probed with 32P-labeled tRNAIle.
TABLE 1
Affinity of RIC8A for tRNAIle
Dissociation constants (Kd) and total receptor concentration (R0) were estimated
from Scatchard plots. Free, recombinant protein. Complex-bound, RIC incorpo-
rated into liposomes. Effector tRNATyr was present at 0.1 nM.
Protein tRNATyr effector Kd R0
nM nM
Free RIC8A  0.42 2.28
Complex-bound RIC8A  26.24 0.16
Complex-bound RIC8A  5.29 1.75
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10-fold increase in the effective RIC8A concentration in the
presence of the effector (Table 1), indicating enhanced expo-
sure of the tRNA-binding site.
Effect of RIC8A/UCR6B Knockdown on Import in Leish-
mania—To assess the role of RIC8A/UCR6b in vivo, antisense
RNA-mediated conditional knockdown (13) was carried out. The
gene was cloned in the antisense orientation downstream of a
Tet repressor-controlled T7 RNA polymerase promoter in the
targeting vector pGET (Fig. 4A) and introduced into aL. tropica
host expressing T7 RNA polymerase and the Tet repressor.
Treatment of the transformant with tetracycline resulted in the
rapid induction of anti-RIC8A/UCR6b RNA, with concomitant
disappearance of the mRNA (Fig. 4B); other mRNAs, such as
those for the mitochondrial Complex II iron-sulfur protein
(Fig. 4B), were unaffected. The level of RIC8A/UCR6b protein
was reduced to barely detectable levels within 48 h of induction
(Fig. 4B), but there was no change in the overall polypeptide
profile3 or in the levels of other polypeptides such as the RIC
subunit RIC1/F1 (Ref. 13 and Fig. 4B), attesting to the speci-
ficity of the targeting procedure. Moreover, the mitochondrial
levels of proteins other than RIC8A/UCR6b were unaffected,
and inner membrane proteins such as Complex II iron-sulfur
protein remained resistant to trypsin in knockdownmitochon-
dria until detergent disruption (Fig. 4B), indicating that the
knockdown protocol did not affect the intactness of the
organelle or the mitochondrial targeting of nucleus-encoded
proteins.
In the absence of tetracycline, the anti-RIC8A/UCR6b trans-
formants grew normally with a doubling time of24 h at 22 °C,
which is close to the doubling time for cells transfectedwith the
empty vector (Fig. 4C). The addition of tetracycline resulted in
the cessation of growth from 48 h (Fig. 4C); promastigotes
became immotile, rounded or flask-shaped, and nonviable.
Withdrawal of tetracycline after 72 h resulted in resumption of
growth after a lag of 3–4 days, suggesting that the knockdown is
reversible or that a few cells escape knockdown.
To check the effect of the knockdownon import, cytoplasmic
and mitochondrial tRNAs of the induced cells were examined.
There was an overall decline in the amount of mitochondrial
tRNAs, although some tRNAs persisted (Fig. 4D). At the level of
individual tRNA species, cytosolic levels were not apprecia-
bly altered, but mitochondrial tRNAIle(UAU), tRNAVal
(CAC), and tRNAMet-e(CAU) (all type II tRNAs) were
reduced to less than 10% of normal by 48 h (Fig. 4E). In
contrast, there was an increase of 50–70% in the amount of mito-
chondrial tRNATyr(GUA), tRNAArg(ACG), or tRNATrp(CCA) (all
type I tRNAs) (Fig. 4E). This slight increase in signal intensity
was maintained at different levels of input RNA in the RT-PCR
assay (Fig. 4F). Thus, in vivo knockdown of RIC8A/UCR6b
results in depletion of the mitochondrial type II tRNAs and a
slight elevation of mitochondrial type I tRNAs.
In addition to the loss of mitochondrial tRNAs, severe pleio-
tropic effects onmitochondrial protein synthesis and the struc-
ture and function of respiratory complexes were observed upon
knockdown of RIC8A/UCR6b. Although cytosolic protein syn-
thesis was normal,3 chloramphenicol-sensitive mitochondrial
translation was reduced to barely detectable levels (Fig. 4G).
The number of cells positive for cytochrome oxidase (or Com-
plex IV) was reduced to 16% of the uninduced value. There
was simultaneously a reduction in the rate of O2 uptake from
1.6 to 0.7 fmol min1 cell1 at 30 °C. The decline in mitochon-
drial tRNA import in vivo upon RIC8A/UCR6b knockdown
could be due to this respiration defect, a defect in the import
apparatus, or a combination of both factors. Although it is dif-
ficult to formally distinguish between these possibilities, it
would be important to investigate whether the import function
of RIC was affected by depletion of RIC8A/UCR6b.
FIGURE 3. Distribution of RIC8A/UCR6b in mitochondrial complexes.
A, left panel, Blue Native PAGE profile of L. tropicamitochondria. Right panel,
immunoblot of the resolved complexes using anti-RIC8A antibody as probe.
B, second dimension (SDS-PAGE) profile of RIC and Complex III. Left panel,
Coomassie stain. Right panel, immunoblot with anti-RIC8A antibody. RIC sub-
unit numbers (13) are indicated at left, and Complex III subunits are indicated
at right. C, cross-linking of tRNA to nativemitochondrial complexes. Leishma-
nia and human mitochondrial complexes (Coomassie-stained profiles at left
and right, respectively) were extracted with BAM buffer, and the extract was
incubatedwith 32P- and BU-labeled tRNAIle in the absence or presence of low
specific activity tRNATyr effector, UV-irradiated, and run on BN PAGE, before
transfer to a nitrocellulose membrane and autoradiography. D, BU-labeled
tRNAIle was incubated with purified RIC in the presence of tRNATyr effector
and/or anti-RIC8A antibody as indicated and thenUV-irradiated, the complex
dissociated andRNA-protein adducts resolvedbyurea-PAGE. IP, immunopre-
cipitatewith anti-RIC8Aantibody. E, effect of RIC8Aknockdownonmitochon-
drial complexes. Left panel, the L. tropica RIC8A antisense transformant was
inducedwith Tet, mitochondrial complexes extracted from 48-h induced ()
or uninduced () cultures were run on BN PAGE and Coomassie-stained.
Bands labeled RIC and RIC were excised and run on SDS-PAGE and stained
(center panel), or blotted and probed with anti-RIC8A antibody (right panel).
F, interaction of tRNA with wild-type or RIC8A knockdown complex. BU-la-
beled tRNAIle (left panel) or tRNATyr (right panel) was incubated with mito-
chondrial complexes from uninduced or tetracycline-induced RIC8A anti-
sense transformants in the absence or presence of the indicated low specific
activity effector, and the cross-linked complex was resolved by BN PAGE and
visualized by autoradiography. The positions of the wild-type (RIC) and
knockdown (RIC) complex are indicated.
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An Import-defective Knockdown Complex—When the respi-
ratory complexes from knockdown cells were analyzed by BN
PAGE, two large complexes, instead of the usual four, were
observed (Fig. 3E). The larger complex corresponds to Com-
plex V, as shown by two-dimensional analysis, except that the
mitochondrially encoded A6 subunit was lacking, because of
translational shut-off caused by defective tRNA import.3 The
smaller complex co-migrated with Complex IV but had the
subunit profile of a subcomplex of RIC (RIC; Fig. 3E). Western
blotting showed that this subcomplex lackedRIC8A/UCR6b, as
expected (Fig. 3E); the residual Coomassie-stained 21-kDa
band is that of a different subunit (RIC8B). Additionally, RIC2,
RIC3, and RIC7 weremissing. These could be eithermitochon-
drially encoded, and/or those that fail to be assembled in the
absence of RIC8A/UCR6b. A lack of major mitochondrially
encoded subunits also accounts for the failure to assemble
Complexes III and IV.
The interaction of RIC with tRNAs was examined by pho-
toaffinity cross-linking experiments. Although the wild-type
complex was cross-linked to BU-labeled tRNAIle (type II) in the
presence of type I tRNATyr effector, the knockdown complex,
lacking RIC8A/UCR6b, was not (Fig. 3F). Conversely, the wild-
type complex interacted with BU-labeled tRNATyr, but this
type I interaction was inhibited by tRNAIle (Fig. 3F), as previ-
ously observed with the affinity-purified complex (14). In con-
trast, RIC interacted with tRNATyr (Fig. 3F), but this interac-
tion was not inhibited by type II tRNAIle (Fig. 3F). Thus,
knockdown of RIC8A/UCR6b resulted in the formation of a
subcomplex in which both the binding of, and regulation by,
type II tRNA were affected.
To determine whether the deficiency of RIC8A/UCR6b is
sufficient to account for these defects, we tested mitochon-
drial extracts from normal or tetracycline-induced cells for
functional reconstitution of import activity. When incorpo-
rated into liposomes, an extract from RIC8A knockdown
cells was active in the import of type I, but not of type II
tRNAs even in the presence of type I effector (Fig. 5A).
Importantly, type II activity of the knockdown extract could
be restored by adding back purified recombinant RIC8A/
UCR6b and a type I tRNA to the reconstitution reaction (Fig.
5B); unrelated proteins such as bovine serum albumin were
unable to substitute for RIC8A, and RIC8A/UCR6b alone
was unable to protect the RNA from degradation by ribonu-
clease (Fig. 5B). Thus, the observed effects of RIC8A/UCR6b
FIGURE 4. Effects of RIC8A/UCR6b knockdown in Leishmania. A, map of antisense vector pGET(AS)RIC8A. rDNA, ribosomal DNA spacer region; T7, T7
RNA polymerase promoter; Tet O, tetracycline operator; TUB, tubulin; ACT5, 5 splice acceptor site of actin gene; ACT3, 3-untranslated region of actin;
BLE, bleomycin resistance gene; Term, double T7 terminator. The arrows indicate transcription start sites. B, upper panels, RT-PCR analysis of RNA from
pGET(AS)RIC8A transformed L. tropica 13–90 grown in the absence or presence of tetracycline for 48 h. Left upper panel, antisense RIC8ARNA;middle upper
panel, RIC8AmRNA; right upper panel, Complex II iron-sulfurmRNA. Lower panels, immunodetectionof RIC8A, RIC1/F1 and iron-sulfur protein in total (left panel) or
mitochondrial (center panel) protein fractions. Right panel, the mitochondrial fraction was treated with trypsin in the absence or presence of Triton X-100, before
immunoblotting with anti-iron-sulfur protein antibody. C, effect on cell growth at 22 °C. Open circles, pGET-transformed L. tropica,tet; filled triangles, pGET-trans-
formed,tet; open squares, pGET(AS)RIC8A transformed, no tet; filled circles, pGET(AS)RIC8A transformed,tet.D, end-labeledmitochondrial tRNA fromuninduced
or 48 h tet-induced pGET(AS)RIC8A transformed L. tropica. E, RT-PCR analyses of indicated tRNAs in the mitochondrial (M ) or cytosolic (C ) RNA fractions (102 cell-
equivalent) of. uninduced or induced cells. F, RT-PCR of mitochondrial tRNATyr from induced or uninduced cells at different levels (as cell equivalent) of input RNA.
G, mitochondrial translation. pGET(AS)RIC8A transformed L. tropica promastigotes, grown for 48 h in the absence or presence of tetracycline, were incubated
with [35S]methionine and cycloheximide in the absence or presence of chloramphenicol and labeledmitochondrial proteins resolved by SDS-PAGEMitochon-
drially encoded proteins are indicated at left.
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knockdown were directly attributable to a role of this protein
in type II tRNA import.
To examine the role of RIC8A/UCR6b in the regulation of
type I tRNA, 32P-labeled type I tRNAArg was allowed to bind to
proteoliposomes reconstituted with the RIC8A-deficient mito-
chondrial extract fromknockdowncells. After awashing step to
remove unbound tRNAArg, the liposomes were incubated with
recombinant RIC8A/UCR6b in the absence or presence of type
II tRNAIle, and the presence of free or liposome-bound
tRNAArg was monitored. Neither RIC8A/UCR6b nor tRNAIle,
added individually, had any effect on the bound type I tRNA,
but a combination of the two caused its dissociation from the
liposomes and appearance in the supernatant (Fig. 5C). We
conclude that the combination of a type II tRNA and RIC8A/
UCR6b destabilizes the interaction between type I tRNAand its
cognate receptor within the import complex. The role of
RIC8A/UCR6b as a type II receptor was additionally confirmed
by in vitro import experiments using antibody against the
recombinant protein (supplemental Fig. S2).
DISCUSSION
In this report, we show that RIC8A/UCR6b, a 21-kDa sub-
unit of the inner membrane RNA import complex, is required
for the import of a specific subset of tRNAs (type II) into Leish-
mania mitochondria in vivo. The present results demonstrate
the in vivo relevance of the ping-pong model of allosteric inter-
tRNA interactions previously proposed on the basis of in vitro
observations (14): 1) Knockdown of the protein in Leishmania
specifically blocked uptake of type II tRNAs (Fig. 4). 2) Defi-
ciency of RIC8A/UCR6b resulted in the formation of a partially
defective import complex that was functional for the import of
type I, but not of type II tRNAs, and was also defective in the
regulation of type I tRNA (Figs. 3 and 5). 3) This defect could be
rectified by recombinant RIC8A/UCR6b (Fig. 5). 4) RIC8A/
UCR6b was specifically bound to type II tRNAs (Fig. 2). 5)
Knockdown of the protein resulted in stimulation of import of
type I tRNAs (Fig. 4). 6) RIC8A/UCR6b, in conjunction with
type II tRNA, caused dissociation of type I tRNA from the com-
plex (Fig. 5).
How does RIC8A/UCR6b recognize multiple type II tRNAs?
We showed previously that the variable arm-T loop region of
tRNAIle contains a type II signal for transfer through the inner
mitochondrialmembrane (11, 12). Subsequently, theT stems of
T. brucei tRNAIle and tRNAMet-e (which are identical in
sequence to the corresponding Leishmania species) have been
found to contain import determinants (10). The T stems of all
three type II tRNAs used in this study have the sequence
YGRGU, of which the second G (paired to a C in the stem) is
apparently critical (10); moreover, two major sequence classes
of type II import aptamers selected by in vitro evolution contain
themotif UG3–4U (11); finally, none of the type I tRNAs studied
here contains this exact sequence in the T arm. Thus, it is con-
ceivable this or a related motif directly interacts with
RIC8A/UCR6b.
The intrinsic affinity of free RIC8A/UCR6b for type II tRNA
is high (Table 1) and comparable with that of the type I receptor
RIC1 for its cognate tRNA (13). However, within the native
complex, in the absence of type I tRNA, this affinity is much
lower, presumably because of the association of RIC8A with
other subunits. Thus, the consequence of allosteric activation is
to increase both the affinity as well as the number of binding
sites exposed to tRNA (Table 1).
Knockdown of RIC8A/UCR6b led to a small but reproduci-
ble enhancement in the import of all three type I tRNAs (Fig. 4).
The inhibitory effect of individual type II tRNAs, tested at a
fixed concentration, is generally high but somewhat variable,
e.g. tRNAIle and tRNAVal are more effective than tRNAMet-e
(supplemental Fig. S2), probably as a result of the different
affinities of these tRNAs for RIC8A/UCR6b. Variable concen-
trations and affinities of themultitude of type II tRNAs encoun-
tered in vivo may account for the limited effect (50–70%
increase) of RIC8A/UCR6b knockdown on import of type I
tRNAs.
The RNA import complex is an assemblage of known and
unknown proteins, some of which, such as RIC8A, RIC1 (13),
and others3 are also present in other respiratory complexes.
The possibility of RIC being a nonspecific aggregate is ruled out
FIGURE 5. Knockdown-induced defects in tRNA import. A, import activ-
ity of mitochondrial extracts from uninduced (WT) or tetracycline-induced
(KD) RIC8A antisense transformant cells. Liposomes were reconstituted
with indicated extracts and assayed for uptake of the indicated tRNAs in
presence of tRNATyr effector. B, import reconstitution. Left panel, reconsti-
tution controls. Liposomes were incubated with knockdown mitochon-
drial extract, recombinant RIC8A and bovine serum albumin as indicated.
Right panels, import of the indicated tRNAs into liposomes reconstituted
with knockdown mitochondrial extracts in the absence or presence of
purified RIC8A. Import assays were carried out in the absence (upper
panel) or presence (lower panel) of low specific activity tRNATyr effector.
C, regulation of binding of type I tRNA by RIC8A. 32P-Labeled tRNAArg was
incubated in binding buffer with liposomes reconstituted with mitochon-
drial extract from RIC8A knockdown cells for 30 min at 4 °C, and the lipo-
somes were washed and then reincubated for 1 h at 4 °C with low specific
activity tRNAIle effector and purified RIC8A, as indicated. The liposomes
were centrifuged, and the RNA in the pellet (bound) and supernatant
(free) was recovered.
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by the following observations. 1) It has a definite subunit com-
position that is reproducible in different preparations. 2)
Knockdown of a particular subunit has a subunit-specific effect
on this composition; for example, the subunit profile of the
RIC8A knockdown complex (Fig. 3E) is different from that of
the complex in RIC1 knockdown cells3; such effects can be rea-
sonably explained by a defined assembly pathway but not by
nonspecific aggregation. 3) Specific import-related interactions
occur between different subunits of the complex, e.g. between
RIC1 and RIC8A, and respond in a predictable way to knock-
down of the interacting partners (Fig. 3F).
Subunit UCR6b of respiratory Complex III is absent from
prokaryotes. The eukaryotic protein is highly conserved and
has no enzymatic activity but is essential for cell viability, appar-
ently because of its role in assembly of the functional complex
(27). The Leishmania homologue, RIC8A/UCR6b, the product
of a single gene, is shared between Complex III and the RNA
import complex (Fig. 3), suggesting it to be a bi-functional pro-
tein. RIC8A/UCR6b (and probably, the corresponding protein
from other kinetoplastid protozoa with almost identical
sequence) has a tRNA-binding site that is exposed in RIC but
not in Complex III (Fig. 3), i.e. the assembly of the protein in the
two complexes is different. This suggests that one event in the
evolution of import functionmay have been the acquisition of a
tRNA binding N-terminal domain by Leishmania UCR6b as
well as additional protein-protein interaction domains/motifs
for alternate assembly. The emerging view of the RNA import
complex is that of an assemblage of subunits including several
bi-functional respiratory proteins. This differs from the yeast
tRNA import system, which involves translation and mito-
chondrial protein import components (5, 6). Thus, different
ancient metabolic pathways may have been the origin of the
independent evolution of tRNA import in different species.
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